Abstract: Cold winters and short, warm summers in the Canadian prairies pose a challenge for the effectiveness of onfarm biobeds for degrading agricultural pesticides. A thermo-gradient plate was used to evaluate the effect of temperature on the dissipation kinetics of seven commonly used herbicides applied to a biobed matrix composed of materials typically available on a farm. The dissipation of all seven herbicides increased with increasing incubation temperature and duration. 2,4-D, bromoxynil, and thifensulfuron-methyl dissipated completely during the 35 d incubation at 13 and (or) 20°C. Tribenuron-methyl, pyrasulfotole, thiencarbazone-methyl, and metsulfuron-methyl dissipated 93%, 70%, 64%, and 34%, respectively, at 20°C. The order of decreasing dissipation in the biobed matrix reflected the relative soil half-lives and soil sorption coefficients of the herbicides. Metsulfuron-methyl and thiencarbazone-methyl had the lowest activation energies and temperature quotients and were the least sensitive to increases in incubation temperature. At 20°C, the half-lives of all herbicides were <70 d. However, 10 yr average soil temperatures to 1 m depth from a site in Saskatoon, SK, were considerably <20°C for much of the growing season. Assuming soil temperatures to be a proxy for expected temperatures of on-farm biobeds, biobed temperatures would not be high enough for a long enough period of time to achieve complete dissipation of some herbicides. Consequently, biobeds in the Canadian prairie provinces may require supplemental heating, especially in spring and late fall, to maintain incubation temperatures of approximately 20°C to optimize the degradation of herbicides used in prairie crop production.
Introduction
The widespread use of herbicides in crop production in the prairie region of Canada has resulted in their detection in drinking water reservoirs (Donald et al. 2007 ), farm dugouts (Grover et al. 1997; Cessna and Elliott 2004) , wetlands (Donald et al. 2001 (Donald et al. , 2005 Main et al. 2014) , and rivers (Muir and Grift 1987; Rawn et al. 1999b) . The presence of herbicides in surface waters has the potential to cause adverse effects to wetland biota and, in potable water sources, to human health. Such contamination results, in part, from nonpoint transport of herbicides via application drift (Wolf et al. 2004 (Wolf et al. , 2005 , wind erosion of treated soil (Larney et al. 1999; Cessna et al. 2006) , wet (Rawn et al. 1999a; Hill et al. 2002; Donald et al. 2005 ) and dry (Waite et al. 2002 (Waite et al. , 2005 atmospheric deposition, surface runoff (Cessna et al. 1994 (Cessna et al. , 1996 Elliott and Cessna 2010) , and leaching (Elliott et al. 2000; Cessna et al. 2010 Cessna et al. , 2012 .
It has been estimated that 40%-90% of surface and groundwater contamination by pesticides results from spills that occur during sprayer filling and rinsing (De Wilde et al. 2010) . Such point-source contamination of surface waters can be mitigated by the use of an on-farm biobed constructed with locally sourced materials. Designed to sorb and degrade pesticides, the traditional or direct biobed consists of an excavation lined with clay or an impermeable membrane. The excavation, up to 1 m depth and 20 m 2 area, is filled with a mixture of straw, peat, and soil in a ratio of 2:1:1 by volume (Castillo et al. 2008) . The soil should be rich in humus and have a clay content that promotes microbial activity but does not decrease the bioavailability of the pesticides. In some cases, compost is substituted for peat (Karanasios et al. 2012a ) and wood residues for straw (Diez et al. 2013) . The soil and organic matter provide surfaces on which the pesticides can be sorbed and (or) microbially degraded. Sprayers can be filled or rinsed directly over the biobed to capture spillage or rinsate. Alternatively, sprayer filling and rinsing occurs over a collection pad (Castillo et al. 2008 ) and rinsate and spills drain into a temporary storage tank. The drainage is then applied to the surface of an adjacent biobed at a controlled rate, usually by drip irrigation. Grass is generally established on the surface of the biobed to promote evapotranspiration to minimize saturation of the biobed matrix with water and the consequent creation of an anaerobic environment within the biobed matrix. In addition, the rhizosphere of the grass cover enhances dissipation of pesticides in biobed matrices Urrutia et al. 2015) . Most pesticide additions to a biobed coincide with spring and early summer applications of pesticides to crops.
A review by Karanasios et al. (2012a) indicated that biobed matrices have been used to degrade more than 40 pesticides that include herbicides, insecticides, and fungicides encompassing 28 chemical classes. The effectiveness of a biobed matrix to retain and degrade these pesticides depends upon the nature of the substrates used for the matrix, the concentrations of the pesticides added, and the temperature of the matrix. Biobeds composed of straw, soil, and compost dissipate pesticides more rapidly compared with biobeds composed of straw, soil, and peat (Karanasios et al. 2010a (Karanasios et al. , 2013 . Sources of compost used in biobeds have varied from crop residues (Kravvariti et al. 2010; Omirou et al. 2012 ) to manures (Karanasios et al. 2010a; Knight et al. 2016) . Although straw is the primary lignocellulosic material used in biobeds, other crop residues (Karanasios et al. 2010b (Karanasios et al. , 2013 have been used as alternate lignocellulosic materials.
Regardless of the composition of the biobed matrix, pesticide dissipation in biobed matrices generally decreased with increasing concentration of pesticide applied to the matrix (Fogg and Boxall 2003; Vischetti et al. 2008; Karanasios et al. 2012b) . Similarly, repeated applications of pesticide to biobed matrices generally decreased pesticide dissipation but, for some pesticides, enhanced dissipation occurred (Vischetti et al. 2008; Karanasios et al. 2012b; Knight et al. 2016) .
As expected, increasing the temperature of the biobed matrix increases the dissipation of applied pesticides (Castillo and Torstensson 2007; Karanasios et al. 2012b ) most likely because of its positive effect on microbial growth and activity and increased water solubility of the pesticides. During winter (November to March) on the Canadian prairies, both above-and belowground biobeds will freeze and remain frozen during the winter months. Thus, in some years biobed matrices may not be completely thawed to permit efficient infiltration of sprayer tank rinsate applied in early spring (mid-April to mid-May) or if thawed, optimal temperatures for microbial degradation of the pesticides may not be attained. In their study of seven herbicides, Castillo and Torstensson (2007) observed essentially no dissipation of the herbicides at 2°C and minimal degradation at 10°C. On the Canadian prairies, temperatures within biobed matrices would range from 2 to 10°C for much of a relatively short growing season (Fig. 1) . Thus, there was a need to determine if seasonal temperatures achieved in biobed matrices in this region would result in near complete dissipation of applied pesticides.
The objective of the present study was to determine temperatures required to facilitate near complete dissipation of seven herbicide active ingredients commonly used in crop production on the Canadian prairies in a biobed matrix composed of locally sourced topsoil, compost, and straw. Dissipation of the active ingredients was studied at temperatures characteristic of average soil temperatures to 1 m depth at the start of pre-emergence applications when the biobed matrix would be coldest (spring), at the end of post-emergence spraying when the biobed matrix would be warmest (summer), and at an intermediate temperature when pre-harvest applications would be made (fall). Soil temperatures measured to 1 m depth during a 10 yr period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) at a site in Saskatchewan (KCRF 2016) were used to estimate the average temperatures at corresponding depths within a 1 m deep biobed. This range of temperatures was studied to get an indication of whether or not biobeds on the Canadian prairies should be designed with supplemental heating of the matrix to achieve near complete degradation of pesticides during a prairie growing season.
Materials and Methods

Biobed matrix and selected herbicides
Locally sourced biobed substrates consisted of topsoil, composted manure, and chopped wheat (Triticum aestivum L.) straw. The sieved topsoil was a dark brown chernozem collected from the 0-20 cm depth and had a silty clay texture and an organic matter content of 18 g kg −1 . The composted cattle manure had an organic matter content of 137 g kg −1 and a C/N ratio of 8.8.
Winter wheat straw was chopped to approximately 1 cm lengths using a laboratory grinder. The properties of the soil, compost, straw, and the biobed matrix have been described previously in detail (Knight et al. 2016) . Commercially formulated herbicides containing seven herbicide active ingredients were used to simulate, as much as possible, the dissipation of the active ingredients in sprayer tank rinsate applied to an on-farm biobed. The commercial products selected for study included (4-methoxy-6-methyl-1,3,5-triazin-2-yl • Pinnacle® -75% thifensulfuron-methyl (methyl 3-[[[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl) Amine salts of 2,4-D rapidly dissociate in water (US EPA 2015). Thus, 2,4-D DMA is expected to rapidly dissociate to its acetate and dimethylammonium ion in the biobed matrix [70% water-holding capacity (WHC) and pH = 7.5] used in this study. Furthermore, the octanoate ester of bromoxynil rapidly hydrolyzes to the phenol in water (half-life <3 d; Brown et al. 1984) and in soil as evidenced by its half-life in both laboratory (half-life <1 d; Smith 1980 ) and field studies (half-lives 3.4-4.9 d; Liu et al. 2009; Chen et al. 2011) . Consequently, the degradation of 2,4-D DMA and bromoxynil heptanoate/octanoate during the incubation of the fortified biobed matrix was determined by monitoring the concentrations of 2,4-D (acid) and bromoxynil (phenol) remaining in the biobed matrix. Thus, from this point forward, unless otherwise indicated, active ingredient (a.i.) refers to metsulfuronmethyl, tribenuron-methyl, thifensulfuron-methyl, thiencarbazone-methyl, pyrasulfotole, bromoxynil, and 2,4-D.
The herbicide active ingredients listed above were selected for three reasons. First, all seven active ingredients are widely used in the prairie region of Canada [all are used for weed control in cereal crops (wheat and barley)]. Second, because the active ingredients are readily soluble in water (436 to 69 100 mg L −1 ; Table 1 ) and weakly sorbed to soil (soil sorption coefficients: 4-715 mL g −1 ), five of the seven active ingredients had been detected in surface waters in the prairie region. Bromoxynil and 2,4-D had been detected in farm dugouts (Grover et al. 1997; Cessna and Elliott 2004) , wetlands (Donald et al. 2001 (Donald et al. , 2005 , drinking water reservoirs (Donald et al. 2007) , and rivers (Muir and Grift 1987; Rawn et al. 1999b; Anderson 2005) . Metsulfuron-methyl, tribenuron-methyl, and Phenol 170 thifensulfuron-methyl had been detected in drinking water reservoirs (Donald et al. 2007 ) and in wetland sediments (Degenhardt et al. 2010) . Even though their presence in surface waters in the prairie region had not been monitored when this study was initiated, thiencarbazone-methyl and pyrasulfotole were included in the study because they were relatively new herbicides that had recently become available to prairie farmers. Finally, the active ingredients demonstrated a broad range in application rates (3-560 g ha −1 ), representative of most active ingredients that would typically be applied to on-farm biobeds.
Active ingredient concentrations in the biobed matrix
The active ingredient concentrations used in the incubation of the fortified biobed matrix were based on the highest field application rate which was 560 g a.i. ha −1 for 2,4-D (Table 1) . Applied in 100 L water ha The biobed matrix density was based on that of a fieldscale below-ground biobed (Ngombe 2013) . To ensure reliable determination of the dissipation kinetics of all active ingredients during the incubation of the biobed matrix, 0.6 mg g −1 of each active ingredient except bromoxynil (3.36 mg g −1 ; determined by its concentration in the Infinity® formulation) were added to the biobed matrix.
Incubation experiment
A thermo-gradient plate ( Fig. 2 ) was used for incubating biobed matrix fortified with a mixture of the six commercial herbicide formulations. The instrument consisted of 80 cells, each capable of accommodating a deep-wall glass Petri dish (100 mm diameter × 25 mm sidewall) containing biobed matrix. The temperature within each of the 80 cells was independently controlled (±0.2°C) and recorded automatically, such that a uniform microenvironment at a constant temperature was maintained in each cell over a specific period of time. The instrument used in this study was similar to that described by McLaughlin et al. (1985) .
Prior to use, air-dried biobed matrix was rehydrated to 25% WHC as previously described (Knight et al. 2016) to stimulate microbial activity. Partially rehydrated biobed matrix (25 g o.d.w.) was placed in each disposable Petri dish (68 in total). The required moisture content of 70% (w/w) WHC was achieved by adding deionised water to the biobed matrix. A sufficient volume of each of the seven commercially formulated herbicides was added to 1 L of deionized water to achieve a mixture containing 84 mg bromoxynil and 15 mg of each of the other active ingredients per millilitre of solution. One millilitre of this solution was applied to biobed matrix in 64 of the Petri dishes to achieve the target concentrations of 3.36 and 0.6 mg a.i. g −1 , respectively. The herbicide solution was distributed over the biobed matrix dropwise, using a 1 mL graduated pipette. Deionised water (1 mL) was similarly applied to the control biobed matrix in four replicate Petri dishes. At time zero, biobed matrix was removed from eight Petri dishes (four replicates treated with the herbicide mixture and the four control replicates treated with water), sealed in individual polyethylene freezer bags and immediately placed in a freezer at −20 ± 2°C (Brown et al. 1997) . The four samples treated with the herbicide mixture were used to confirm initial active ingredient concentrations in the biobed matrix, as well as to determine recoveries from the biobed matrix. The four controls treated with water only were analyzed to correct concentrations of the seven active ingredients for background interferences at their corresponding retention times.
The herbicide-treated biobed matrix in each of the 60 remaining Petri dishes was then placed in an appropriate cell (depending on incubation temperature) and domed covers placed over the cells to minimize water loss through evaporation. Incubation temperatures (5 ± 0.2, 13 ± 0.2, or 20 ± 0.2°C) were randomly allocated to individual cells on the thermo-gradient plate such that there were 20 replicate Petri dishes at each incubation temperature. The fortified biobed matrix was incubated in the dark for 35 d. Every second day, the Petri dishes were removed from the thermo-gradient plate and weighed. Any loss in moisture from the biobed matrix was replaced by the addition of sufficient deionised water to return the matrix to 70% WHC (Vischetti et al. 2008) .
Subsequent sampling was carried out weekly for 5 wk. At each sampling time, four Petri dishes containing treated biobed matrix at each incubation temperature were removed from the thermo-gradient plate and the biobed matrix similarly transferred into polyethylene freezer bags and immediately placed in a freezer at −20 ± 2°C for subsequent herbicide analysis. 
Sample extraction
After thawing at room temperature, the contents of each polyethylene freezer bag were transferred into a 125 mL flat bottom glass bottle containing extraction solvent (100 mL; water:acetonitrile, 21:79 v:v). The bottle was capped and the mixture was shaken at 50 rev min −1 for 1 h and then filtered under reduced pressure through a 0.45 μm Whatman™ filter paper (110 mm) placed in a Buchner funnel. The filtrate was taken to volume (100 mL) with extraction solvent and a 20 mL aliquot retained at 4 ± 1°C for analysis.
Extract analysis
All sample extracts were analyzed using a HPLC/MS/ MS system consisting of the Model 2695 Alliance Separations Module interfaced to the Micromass Quattro Ultima triple quadrupole mass spectrometer (Waters). A Waters Xterra Mass C 18 analytical column (100 mm × 2.1 mm i.d., 3.5 μm particle size) maintained at 30°C was used for all analyses. The mobile phase flow rate was 200 μL min −1 and the injection volume was 20 μL. Prior to HPLC/MS/MS analysis, 100 μL of biobed matrix extract for each herbicide was diluted in 900 μL of deionised water contained in a 2 mL amber liquid chromatography vial.
Bromoxynil and 2,4-D
The Alliance Separations Module utilized a mobile phase that consisted of a mixture of mobile phase A (10:90, water:acetonitrile, v:v) and mobile phase B (90:10, water:acetonitrile, v:v) . Mobile phases A and B both contained 0.1% formic acid. Isocratic elution of the column with 60% mobile phase A and 40% mobile phase B resulted in retention times of 4.5 and 4.7 min for 2,4-D and bromoxynil, respectively.
The electrospray ionization (ESI) interface of the mass spectrometer was set to negative ion mode. Ionization and MS-MS conditions were optimized for each herbicide using procedures described previously (Knight et al. 2016 ).
13 C 6 -bromoxynil and d 5 -2,4-D internal standards (100 ng each) were added to all sample extracts and to the calibration curve standards to compensate for variability in the ESI process. Single reaction monitoring transitions chosen from the product ion scans were 273.7-160.8 atomic mass units (a.m.u.) and 219.0-161.0 a.m.u. for bromoxynil and 2,4-D, respectively. Mass spectrometer operating conditions were as described in Knight et al. (2016) .
Metsulfuron-methyl, tribenuron-methyl, thifensulfuron-methyl, thiencarbazone-methyl, and pyrasulfotole
The same mobile phases were used in the analysis of these herbicides except that mobile phases A and B both contained 0.1% (v/v) formic acid and 2 mmol L -1 ammonium acetate (Donald et al. 2007) . Isocratic elution of the column with 50% of both mobile phases resulted in retention times of 3.8, 5.8, 6.5, 7.2, and 12.9 min for pyrasulfotole, thifensulfuron-methyl, metsulfuronmethyl, thiencarbazone-methyl, and tribenuron-methyl, respectively. To quantify these herbicides, the electrospray ionization interface was set to positive ion mode and ionization and MS-MS conditions were optimized using the same procedures as those for bromoxynil and 2,4-D. Suitable single reaction monitoring transitions were chosen from the product ion scans and were as follows: metsulfuron-methyl . Mass spectrometer operating conditions were as described in Donald et al. (2007) except that the cone voltage and collision energy, which were dependent on the SRM channel, ranged from 11 to 16 V and 19 to 26 eV, respectively.
Recovery experiments
The four fortified biobed matrix samples (25 g) placed in the freezer at time zero of the incubation experiment were thawed at room temperature and analyzed as described above. Percent recoveries (± standard deviation; n = 4) from the fortified biobed matrix which contained bromoxynil at a concentration of 3.36 mg g −1 and the other active ingredients at 0.6 mg g −1 were as follows: bromoxynil -89 ± 1.8; 2,4-D -75 ± 2.8; metsulfuron-methyl -85 ± 0.8; tribenuron-methyl -83 ± 3.9; thifensulfuron-methyl -81 ± 2.1; thiencarbazone-methyl -64 ± 1.4; and pyrasulfotole -78 ± 1.0. The four control samples to which water was added prior to being placed in the freezer at time zero of incubation were also analyzed as described above. There was no detectable interference at the retention time for any of the active ingredients.
Data analysis
The dissipation of the concentration of a chemical in a given matrix with time may be described by either linear or nonlinear methods (FOCUS 2006) . In the present study, because coefficients of determination for lines fitted to the first-order (linear) kinetics equations ranged from 0.81 to 1.00, first-order kinetics equations (eq. 1) were used to describe the dissipation of the herbicide active ingredients in the biobed matrix (FOCUS 2006) :
where C t is the concentration (mg g −1 ) of each active ingredient in the biobed matrix at time t, C 0 is the initial (time zero) concentration of each active ingredient (mg g −1 ), t is time (d), and k the dissipation rate
. From a plot of ln (C t /C 0 ) versus t, the slope (k) of the linear plot was used to calculate the half-life (DT 50 ) of each active ingredient:
The time for 90% of the initial concentration to dissipate (DT 90 ) was calculated using
The extent to which the degradation rate constant of a pesticide active ingredient in soil is dependent upon temperature is described by the Arrhenius equation:
where E a is the activation energy of the reaction (kJ mol −1 ), R is the universal gas constant (kJ K −1 mol −1 ), T is the absolute temperature (K), and A is the empirical constant (d
−1
). Taking the natural logarithm, eq. 4 can be rewritten as
The linear plot of ln k against 1/T gives a slope of −E a /R from which E a can be calculated. The greater the slope of the plot (and therefore E a ), the more sensitive the dissipation of the active ingredient is to temperature.
The temperature dependence of the degradation rate constant of a pesticide active ingredient in soil can also be described using the temperature coefficient (Q 10 ). Q 10 is defined as the ratio of pesticide degradation rate constants (k 2 /k 1 ) at temperature T 1 that is 10°C lower than temperature T 2 ; that is, Q 10 is the factor by which the dissipation rate will increase for every 10°C rise in temperature. This approach implies the following temperature relationship between half-lives:
where DT 50T1 and DT 50T2 are the half-lives at temperatures T 1 and T 2 , respectively (EFSA 2008). Equation 6 can be rewritten to give
If first-order kinetics are assumed, the relationship between E a and Q 10 can be demonstrated by reformulating eq. 4 to
and combining eqs. 7 and 8 to give
Alternatively, Q 10 can be calculated by reformulating eq. 6 to ln 2=k 1 = ln 2=k 2 × Q 10
Equation 10 can then be rewritten as:
Data for the amounts of herbicide active ingredient recovered from the biobed matrix during the incubation were subjected to a two-way analysis of variance using SPSS software (IBM Corp. 2012). The experimental design was a two-factor completely randomized design with four replicates. Temperature (5, 13, and 20°C) and time of sampling (days 0, 7, 14, 21, 28, and 35) were the main factors. Because of technical issues with measuring bromoxynil concentration at day 0, these data are not included in the statistical analysis nor reported.
Results and Discussion
For a biobed matrix to effectively retain and degrade pesticides, it must not only promote pesticide sorption but also develop a microbial flora capable of efficient pesticide degradation and able to tolerate the high concentrations of the applied pesticides (Castillo et al. 2008) . Each component of the biobed matrix plays a role in the retention and (or) degradation of applied pesticides. Both topsoil and compost are sources of microorganisms. Compost also ensures high WHC and provides sorption sites for the pesticides, as well as organic matter which provides a source of carbon and nitrogen for microbial growth (Spanoghe et al. 2004) . Straw stimulates the growth of lignin-degrading fungi and stimulates the activity of ligninolytic enzymes that degrade various pesticides (Sarmah and Sabadie 2002; Spanoghe et al. 2004; Castillo et al. 2008) . Greater pesticide dissipation has been observed in biobed matrices versus soil (Fogg and Boxall 2003; Karanasios et al. 2010a; Knight et al. 2016) . Given the substrates (soil, compost, and straw) used for the biobed matrix in the current study, pesticide dissipation would result from biotic (microbial) and (or) abiotic (chemical) degradation, as well as sorption to both inorganic and organic components in the matrix. Because pesticide dissipation in the current study was based on the amount of parent pesticide extracted from the matrix at given incubation times, it was not possible to delineate the extent to which the observed dissipation of each herbicide was due to degradation or sorption.
Incubation temperatures
A database in which soil temperature was measured hourly at five depths (5, 10, 20, 50, and 100 cm) from 1 Jan. 1999 to 31 Dec. 2008 was used to plot average weekly temperatures at each depth (Fig. 1) . Hourly temperatures were averaged to obtain a daily temperature and these daily temperatures averaged to obtain a weekly temperature at each depth. These data show that the average weekly soil temperature at one or more of the five depths was 2°C or lower for the first 18 wk of the year (January 1 to May 6) and for weeks 44-52 (October 30 to December 31). The minimum average weekly soil temperature, measured at the 5 cm depth, was −7.8°C. Average weekly soil temperatures of 20°C or greater occurred from weeks 27-32 (July 2 to August 12) at 5 and 10 cm depths and less frequently at the 20 cm depth. The maximum average weekly soil temperature, also measured at the 5 cm depth, was 21.9°C.
Pre-emergence application of herbicides in Saskatchewan usually starts in early May with postemergence applications generally ending by mid-July. Assuming that soil temperatures are a reliable surrogate for the corresponding temperatures of a biobed matrix, pre-emergence herbicides applied to a biobed in week 18 would be unlikely to undergo significant degradation. During week 18, temperatures in the top 50 cm of the soil reach an average of 6.7°C (Fig. 2) , the temperature at which Castillo and Torstensson (2007) observed little or no dissipation for some herbicides. During this same week, average soil temperatures below 50 cm are approximately 2°C. By mid-July (week 28) when application of post-emergence-applied herbicides would be near completion, biobed matrix temperatures would be at maximum (∼20°C in the upper 50 cm; Fig. 2) , the temperature at which maximum herbicide dissipation was observed in this study and by Castillo and Torstensson (2007) . Later in the growing season (weeks 34-38; late August to mid-September), additional applications to on-farm biobeds of herbicides used to desiccate crop/ weed canopies would be made as the temperature of the biobed matrix is beginning to decrease.
The average weekly soil temperature for week 18 (April 29 to May 5) across all five depths was 5.7 ± 2.9°C, whereas that for weeks 27-32 (July 2 to August 12) was 18.4 ± 3.4°C. Corresponding temperatures mid-way through the spring spraying season (week 24; June 11-17) and preharvest herbicide applications (week 38; September 18-24) were 13.1 ± 3.1 and 12.9 ± 0.4°C, respectively. As a consequence, the temperatures selected to study the effect of temperature on herbicide active ingredient dissipation in a biobed matrix reflected the corresponding average weekly soil temperatures and were 5, 13, and 20°C.
Temperature dependence of the dissipation rate constant
Active ingredient dissipation, as indicated by the amount of active ingredient remaining in the biobed matrix, was affected by incubation temperature and time (Table 2 ; P < 0.05). The extent of dissipation of each active ingredient during the 35 d incubation period showed a significant interaction between incubation time and temperature (Table 2; P < 0.05). Plotting ln C t /C 0 versus time (d) for each active ingredient at each incubation temperature resulted in significant linear relationships (P < 0.05) indicating that the overall dissipation of each active ingredient in the biobed matrix could be described by first-order kinetics (eq. 1) for which coefficients of determination ranged from 0.81 to 1.00 (Table 3) . As expected, dissipation rate constants (k) (determined as the slope of the corresponding linear regression plot of ln C t /C 0 versus t) for each active ingredient increased when the incubation temperature was increased either from 5 to 13 or from 13 to 20°C. The increase in rate constant with an increase in incubation temperature (Castillo and Torstensson 2007; Karanasios et al. 2012b ) occurred most likely because of its positive effect on microbial growth and activity, increased water solubility of the herbicides, and increased rates of abiotic reactions such as hydrolysis and oxidation. Dissipation rate constants ranged from 0.3321 d −1 for 2,4-D at 13°C to 0.0078 d −1 for metsulfuron-methyl at 5°C (Table 3) .
Corresponding half-lives were 2.1 and 89.3 d, respectively, whereas corresponding times for 90% dissipation were 6.9 and 297 d, respectively. Increasing the incubation temperature from 5 to 13 or from 13 to 20°C increased the rate constant for the dissipation of each active ingredient in the biobed matrix, but not by the same proportion (Table 3) . Thus, the increase in the rate of dissipation of each herbicide active ingredient with an increase in incubation temperature was determined by compound-specific differences. Greater increases were observed for the 13-20°C increase than the 5-13°C increase for some a Due to missing day 0 data for Bromoxynil df: Temp. = 2, Time = 4, Temp. × Time = 8, and Error = 45. Table 3 . Times for 50% (DT 50 ) and 90% (DT 90 ) dissipation of active ingredients, and dissipation rate constants (k) for seven herbicides incubated for 35 d in a biobed matrix at 5, 13, and 20°C. a Dissipation rate constant = the slope of the line fitted to ln C t /C 0 vs. time plots. C 0 for each active ingredient is the mean concentration (n = 4) determined from the time zero fortified biobed matrix samples. Consequently, for all incubation temperatures, the concentration of each active ingredient remaining at each sampling time was not corrected for recovery from the biobed matrix. Coefficient of determination for the line fitted to ln C t /C 0 vs. time (d) plots. c k 2 /k 1 is the ratio of the rate constant at the higher incubation temperature (k 2 ) divided by the rate constant at the lower incubation temperature (k 1 ).
d Dissipation of the herbicide at this temperature was <50% after 35 d of incubation. e A rate constant at 20°C could not be calculated because herbicide concentration in the biobed matrix was less than the limit of detection after 1 wk of incubation.
[metsulfuron-methyl, pyrasulfotole, thiencarbazonemethyl, and tribenuron-methyl (Table 3) ] but not all (bromoxynil and thifensulfuron-methyl) herbicide active ingredients, as was similarly observed by Castillo and Torstensson (2007) . For this reason, the k 2 /k 1 ratio [the rate constant at the higher incubation (g) Bromoxynil temperature (k 2 ) divided by the rate constant at the lower temperature (k 1 )] increased for metsulfuronmethyl, tribenuron-methyl, thiencarbazone-methyl, and pyrasulfotole when the incubation temperature increased from 13 to 20°C compared with the increase from 5 to 13°C, but decreased for thifensulfuronmethyl and bromoxynil.
As evident from plots of active ingredient concentration versus time (Fig. 3a-3g ) and from calculated rate constant (k) or half-life (DT 50 ) values (Table 3) , active ingredient dissipation in the biobed matrix decreased in the following order: 2,4-D (which had the highest rate constant and shortest DT 50 values at all three incubation temperatures) > thifensulfuron-methyl > bromoxynil > tribenuron-methyl > thiencarbazone-methyl > pyrasulfotole > metsulfuron-methyl. At 20°C, complete (100%) dissipation was observed for 2,4-D (7 d; Fig. 3f ), bromoxynil (21 d; Fig. 3g ), and thifensulfuron-methyl (28 d; Fig. 3c ). Complete dissipation at 13°C was only observed for 2,4-D (21 d) and thifensulfuron-methyl (35 d). Dissipation of tribenuron-methyl (Fig. 3b) , pyrasulfotole (Fig. 3e) , thiencarbazone-methyl (Fig. 3d) , and metsulfuron-methyl (Fig. 3a) at 20°C was 93%, 70%, 64%, and 34%, respectively. At 5°C, <50% dissipation of thiencarbazone-methyl (46%), tribenuron-methyl (31%), pyrasulfotole (24%), and metsulfuron-methyl (23%) had occurred during the 35-d incubation period.
For each herbicide active ingredient, the variation observed in the k 2 /k 1 ratios (Table 3) for the 5-13 and 13-20°C incubation temperature increases was reflected in the corresponding calculated temperature coefficient (Q 10 ) (Fig. 4) . The average Q 10 values (Table 4) encompassed the default value of 2.58 recommended for environmental exposure assessments by the Panel on Plant Protection Products and their Residues of the European Food Safety Authority (EFSA 2008) . Temperature coefficient values for 2,4-D for the 13-20 and 5-20°C increases in incubation temperature could not be calculated because a dissipation rate constant at 20°C could not be determined. Thus, average Q 10 values were also compound-specific and ranged from 4.15 ± 2.58 for bromoxynil to 1.22 ± 0.14 for metsulfuron-methyl. This difference indicates that the increase in dissipation rate in the biobed matrix for a 10°C increase in incubation temperature would be approximately four times greater for bromoxynil than for metsulfuron-methyl.
Both the temperature coefficient (Q 10 ) and activation energy (E a ) for a chemical reaction provide a measure of how the rate constant (k) for that reaction will be affected by a change in reaction temperature. The E a values (Table 4) , calculated as the product of the slope of the linear regression resulting from plotting ln k versus 1/T (Fig. 5 ) and the universal gas constant R (0.008314 kJ K −1 mol −1 ), ranged from 90.7 to 12.1 kJ K respectively. The plot with the highest slope (and therefore, the highest E a value) was that for bromoxynil, indicating that the dissipation of bromoxynil in the biobed matrix was the most sensitive to temperature. Metsulfuron-methyl, which had the lowest E a value, was the least sensitive to temperature.
Given that the organic matter content of the biobed matrix in this study (9.6%) was several times greater than that in many soils, the biobed matrix would have higher water-holding capacity (hence, a higher moisture content) and microbial biomass carbon, both of which impact the rate of pesticide dissipation in soil (Wang et al. 2010) . Thus, it is unlikely that activation energy (E a ) values obtained in a biobed matrix are directly comparable to the same values obtained from soil. For example, E a values for 2,4-D (77.5 kJ mol −1 ; Table 4 ) and metsulfuron-methyl (12.1 kJ mol −1 ) in the biobed matrix were lower than corresponding values in soil [Parker and Doxtader 1983 (96.1-190 .4 kJ mol −1 ) and Wang et al. 2010 (54.7-82.4 ; Smith and Aubin 1992).
As expected, average temperature coefficient (Q 10 ) and corresponding activation energy (E a ) values decreased in the same order: bromoxynil > 2,4-D > tribenuron-methyl > pyrasulfotole > thifensulfuron-methyl > thiencarbazone-methyl > metsulfuron-methyl (Table 4) . However, this order of reactivity differs from that of the observed order of herbicide active ingredient dissipation in the biobed matrix: 2,4-D > thifensulfuron-methyl > bromoxynil > tribenuron-methyl > thiencarbazonemethyl > pyrasulfotole > metsulfuron-methyl ( Fig. 3 and Table 3 ). This difference may be due to different dissipation processes, which can be both biotic and abiotic, operating for the individual compounds. For example, of the herbicides monitored in the biobed matrix in the current study, bromoxynil (Baxter and Cummings 2008) and tribenuron-methyl (Wang et al. 2011) have been reported to undergo no degradation in sterile soil and pyrasulfotole (Fleige 2004 ) minimal (<5%) degradation in sterile soil, whereas the corresponding extent of degradation in nonsterile soil was 100%, 50%, and 66%, respectively. In contrast, 2,4-D (Ismail et al. 2011 ) and thifensulfuron-methyl (Cambon and Bastide 1992; Cambon et al. 1998) showed significant degradation in both sterile and nonsterile soil, with thifensulfuron-methyl also being susceptible to hydrolysis of its sulfonylurea bridge (Sarmah and Sabadie 2002) . Such differences in rates of degradation in soil may explain why 2,4-D and thifensulfuronmethyl dissipated more rapidly in the biobed matrix than bromoxynil and tribenuron-methyl, even though bromoxynil and tribenuron-methyl had higher E a and Q 10 values. In addition, temperature may not affect biotic and abiotic dissipation of these compounds to the same extent (Cambon et al. 1998 ) and may explain why the sulfonylurea herbicides metsulfuron-methyl and thifensulfuron-methyl have relatively low E a and Q 10 values compared with tribenuron-methyl (Table 4) even though these active ingredients share similar functionality.
Biobeds for the Canadian prairies
Because of the long, cold winters that occur in the prairie provinces of Canada, the dependence of herbicide active ingredient dissipation on temperature of the biobed matrix [this study and that of Castillo and Torstensson (2007) ] has implications for the management of on-farm biobeds in the region. In this study, the seven active ingredients monitored for dissipation in the biobed matrix comprise a small subset of the 55 herbicide active ingredients currently registered for use to control weeds in crops in the Canadian prairies (Saskatchewan Ministry of Agriculture 2016). Thus, this subset may not be representative of all active ingredients that may be applied to on-farm biobeds in this region.
Times for near complete or 90% dissipation (DT 90 values) for the seven active ingredients in a 5 wk period varied from 18.7 to 297 d at 5°C, 6.9 to 279 d at 13°C, and <2.1 to 225 d at 20°C. However, these values were attained in a uniformly heated biobed matrix. In reality, temperature within a matrix of a 1 m deep biobed at ambient temperatures will vary with depth (Fig. 2) ; that is, the upper 20 cm of the matrix will be warmer than the lower 80 cm over a growing season (weeks 18-40) . Assuming that biobed matrix temperatures will be similar to those in soil, at ambient temperatures the upper 20 cm of matrix will be 20°C or higher for only 7 wk (weeks 27-34; Fig. 2 ). During this time, the temperature at 50 cm depth will range from 15 to 18°C, whereas that at 100 cm depth will range from 11 to 15°C. Thus, ln k MetsulfuronME TribenuronME ThifensulfuronME Thiencarbazone Pyrasulfotole 2,4-D Bromoxynil assuming leaching of active ingredients below 20 cm depth and slower dissipation at these depths, the DT 90 values at 20°C in the current study would most likely be longer in an on-farm biobed at ambient temperatures. Slower dissipation at <20 cm depth may mean significant carryover of metsulfuron-methyl, pyrasulfotole, and thiencarbazone-methyl to the following growing season. If on-farm biobeds in this region of Canada were designed to incorporate supplemental heating (for example, by embedding electrical heat tape or tubing containing heated recirculating fluid into the biobed matrix), this would not only completely thaw the biobed matrix prior to spring application of sprayer rinsate to the biobed but would also enhance active ingredient dissipation. If the temperature of the biobed matrix could be maintained at approximately 20°C throughout the growing season (late April to mid-October), the DT 90 values at 20°C in the current study would be shorter with the possibility that, with the exception of metsulfuron-methyl, essentially complete dissipation of the other six herbicide active ingredients could be expected.
Conclusions
In terms of widespread biobed adoption by farmers within the prairie region of Canada, biobeds must demonstrate near complete degradation of the pesticides applied to them. In this study, a mixture of seven herbicide active ingredients commonly used on the Canadian prairies and with contrasting field application rates was applied to a biobed matrix consisting of locally sourced topsoil, compost, and straw. The extent of dissipation of each active ingredient depended on the incubation temperature. Bromoxynil, 2,4-D and thifensulfuron-methyl were completely dissipated at 20°C within 28 d of incubation. In an on-farm biobed installation, supplemental heating of the biobed matrix during the growing season (late April to mid-October) to a minimum of 20°C should result in complete degradation of tribenuron-methyl, pyrasulfotole, and thiencarbazone-methyl whose DT 90 values ranged from 34 to 87 d.
